
UNCLASSIFIED

AD426 9 6 4

DEFENSE DOCUMENTATION CENTER
FOR

SCIENTIFIC AND TECHNICAL INFORMATION

CAMERON STATION. ALEXANDRIA. VIRGINIA

UNCLASSIFIED



NOTICE: When government or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have forcullated, furnished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded by implication or other-
vise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.



II

Te h oo yC ne hc g ,Iln i 01



1KMBR 11''ULM 1N '1 OF Ml,:TA I S

BY OR}(iAN~1;ICAU 1)5UM

("olillal ilig Orffce r



(; ch i (lo. og) I 6 Iiter(j

(Aunt ratil No D)A I I O)RD OZý 1108

BY' )1M(ANI(: IiQJD

ITRI I 18 11 ý? .1
ist itilIla ry R~epo P1)

I'r~t akinr( Areil

I etividil Mr. J M MCC. 1gll('y
Pitm1,m1 DunnII I i 1)0 It 0l.j'i 8

J~m ry 2. 1 9611

1 IT RES EAR CH IN ST I TUT E



1"M Ii-Rl'I'I'EMI!,Ni OF, M'ETAi I,S

BY ORGANIC LIQUIDS

ABHSTR ACT'I

lhgh-mt rvnigth SIteel ;i(l aliiiiinuii ire, shown 1,) be eimilrittledl in

notchecd taligige t'stiig ini tiL pivvtii v Af water, ;ichkglycols, ethers,

and aldehydes(i' . It is shown that loiiivr carboni~ chains, hbranchiflg molecular

shapes, mu lsdrnsrdc h egve iif enibrittli'nieot while rnultipli-

city of ,-0h0 or 0 )0 groctps vniikiiwt it. 1y a variety of experiments and

(ledulct 0)1(5 water Is showni to LWE.Vi liii lil~e aZero' chain lenlgthl organliC

miolecule, raithier thanl al elect rolytic Iiii'(hiiii
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E;M 1RivL&:Ml:NL OF METALS BY ORGANIC LIQUIDS

1. INTROI)U(UTION

Th s is ;Isu r y repoirt onl prog ress of one port on i~f a c om

posile prgal entl tled Fracture oif Metals, ident f ed under Cont rait No.

IDA-ItI ORD 01) UZ "0. Trns report covers the per od December 1 , 1962, Lo

November 30, 196Y3

Th is port* on of t he progriam onl "'Fra ctore of Metals" is dir ec ted

towanrd exploring the cx stontce, and nature of enibrittlieonet which might be

pr oduced by cone ur rent e xposuore (if n icta Is to(IrgAnic hquids andc tensi1 e

strcesses. Organic hquds arie defined for present purposes is pure~ lquid

species, III soc ble I quds , and Holii onis of soilds n 'liquid,, Embl-rittlernent

coinstitiitetz the premai~tuire iic'diiice of cracking as exper-enced under coil

I iiunnsly incereas lig toold, static liading , Or dynamic 'cyclic) loading 'Pre-

mature' is used hiere II the sense (of aI lower niax~niurn loadl, a shorter time,

or- feWer- eyeleS I han WOolil he expec(ted for the Material n1 aii

'Thin ri'searcl taskt has taken the position that the ex,.t tig puibtished

knowledge oni H ie Subject is so spa rsv and qolesi unaible that the phenomlenlon

his e~ssentially to he rediscovered . '[li potentIlial ;Area of exploiration involves

ciiimbinail &.iii and pi'riiiitatlioS o)f diver-Se rai Iqud (I(S, engineering metals,

mid Hytenis of iiiechiamtcal test ng. Obviolusly there must he a sirnplif'cation

oif approach. By analogy with experienlce in liquid-inetal and stress .corrosion

cracking, soni(' Very specif c 4 linphil cat enis can be Chioseni Iwo emig.11ieriiig

Metals htive bient UliiHseti Al and F'e both offer the greatest potential Spec

trtini of st rengtlis anl st ructutres One representative alloy oif each metal Was

chiiseni which xviinlc lit capable cit he by aging or by quench aind temnper of

1 )roUiCtIngy 11 gli t retigl,!s by ( sIis i of f tie part icle's In the Structure In

the 1ieof Al, the at toy 2-0?4 has been chosen, heat treated to the 'I'l coiidi

t.10ti where-( 't osVsesses a, Y eld strength ct 17,000 psi TheV Fe counterpart

was an atir hardentble, high strength steel (coroniercial designation 300M

10.40% C, 1 .6% Si , 0.75% Mnl, 0.85% Cr , 1 85% N,, 0.4l0%/ Mio, 0.08% V.

DOl vi'red by- TITI Retsearch bInstitute piir suiant. to Contract. No DA I I -OR D-
022 3 108, Cove rivi(' ut' use c ontro ted by the pi' v s~n ot f Art. che s 26 and
17 (A TUit IT (Genera I Prolv s (ils)
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(Ineiiehod andt tenpvt' iet to it y tlid -itrngih of about /-00,000 pst All\I previous

expet. (,fit-' pont ItH to hese( uo0(11 ots as imosl likely t~o t'xh bit. er~ixlr til.enien

N'clee at cal est systvnils 0 It 'h 'etjStI~g rdrof 'oImpleiXlIy, ',

cII Ittdj('d

S ' 1111 hIt'1C1 S 'It' '&t to fit llure

f ire ttlodlt'sil 5.1c IO:M' ng itl hIlv y eld 13) fit.

''L Y.. I U lotting oif ao AA~ riply notcheti speci"tt'

Bly narrow'nk he lie atrW anct test pa raii-ete r s, 't was po ss hi e to c ondu t ai

W~ dile ranlge of expto-i Iat*() I of I t(-em b'~i i-tt I'g ciapabiteti of or'g"'c IqAu ds.

Thell report Wh'ech follows Su,111ininar .s retoll ts andci' cseuss c.s he r s'gn C eancve

Tt's pr'ocedures;~' i t", sMniflf'Vyeti it dt~tti.1 11It th append x.-

11. AN AIhASI0"I~l'{'tR1

Ill r'teent Yea i's severa"l stictollia I-tttt and into' i'prl'et)itsni of publi shied

Notrks 1~Vt' ;Ippciled.t (' I)q 1-';;ol ha s rt''it'vewd s smilhtI ly the soot' pttbli

c pijtiltitt loll, fIt'( follow~ lip, Hs .1 1st td phelt iolitit'l~ L'('vt'i tle by \.kl oL I. OP- t' it

'.I) Rvdn'Itc otit fitI the y t'lt p~oint ot Sit ,At , intl 111 s ngIct' i-ys,.ils

oimmersedi it HtIi'tfitI itt Vtv agetstti sottli .1s oh, ;tc aud, pailotit i a( Id and

tetyil ak-0obto is ,i hu1t' Solilt (I~ts Ini an Inert s'Olvt'nt lTitso' are lt'e work of

R~obi tilde i and tiui it amsmi o vst IeH. The wvork of K ratio r does no t cmon rot Me

e.ffet.(, ot nt t.i1)(a rcsoIvol stoit'itt*I iii smiglo it'y~Iai. ot Al Nit doest'

ttolf ot-1 Otlher'tftc sit ic ais Work ha-elth'inig,. andc creetp.

, 1) [t1 cI'evI stt' in I ie rate II o f crt' t-cv )oI s Iiog Ie c ry s Ial - o I Sn AlI, P 1,

'An, aind Gd The st'pmiratt' wtot'ks of' Rt'htodt'i' Maising, and Kramter ;ire( in)

emss tawl atgrteemeint lt'Mvrv :ire bog stttiltg a rgtitotvtH in 0 the tratut'e

tItstd on mwok by Andraide antd Ity Na rper intl MotIMeI on Ito' pri'msec e and

wi go france of ox tie f~tos s nie-t all of Ili H woijk ha~ts bteen, done onl N'try thin

wire shaped spec otens

(c) The1 e i~e ep of poi yet'ysi all e wires s una ffeceted by the p i't-

senee o~f orgatntt spec vsH Of Hurf~ie actilye aigt'ots when the gt'a nt diaricter

Of the trieta;l is leSS thinl atoilt. ?-% Of [lie( Wile crotss sect otil, i , :ihtiit

50 gra ns n a sect tn
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(d) A loss of 20 25% im the fraiutre strenglh ot i-i gle t rystolls

of Pb tested in solut ons of active fatly acids and alcohol-in a neotral sol

vent. at vory h~gh Strain rates only.

(0) lDiscoritinuoos changes in creep rate rind flow slimrs' of both

Songle crystal and( polyc ryslallitie aluminuml stitbJected ntermititentiy to

electrolyte dissolut on. The effect is pT-)port.oTmil to the elil rorlyfie cur

rent oP riate oft d1issolut ion

I'f ) Iniflnence of imposed elec trolytic, potent A ii ) the hardness of

TI ,Tv , and Gd, vhilh incudu increases anx!dv(ccraseis of hardness. The

p)resenc-e of surface admoriiing 111coh1l(I ;Tccnt~aies thle effec of potentil

T'he phlellItmen(IS isaliled the I¶.i(tto PIT(pill.a ry Effect by Robinlder.

,'g) Rectict onl of the order(' of 2r) 50%/uIT ini t.Igii sIT('ngtii Tind en

dumamce I niA of fmndpit it- tees iTInai~eds'( n0 va sehl i oJi slit ioilms colntli 11in

isoiamlyl alcohlm ori (Ileit acid Siiiipi li gi WAiriy vater t OTn piOdclU( the

50(111 dteri To(Tit ion~ iy what is teri-led "coTrrosionI fat iguit "The aridit on of

snannyly ailcohol In water reduceTs till- irate of til Trroi5 iTIYet lie Tpctotes the

f-1t git!e si-ciTTgthilom an55od p~IiV des aI ilisi iTIgi stia ie and~ sep:ivahtle effei I

IillrT' arii vIIPIIius lp(TI)1t51( iml h~n'slills for thlesc eife(- is. Thle

16ehind('r group prefer the concept tlIial IphILysci mdsorpt onT (Ii 1olar111To(leciilI'

Of certain spe(cies lowers tile Surface energy ot till' sot d lfead Tig to two effects

reduction (If tile maI;gnitud~e (If i);r vrev 11 Sip it the surface Ill4 ig to accel,

craitcd yieldcog , aTnd redlikt 00l oif the ieliVage energy atl the si0Tfai e leading

Io crackling. Simple eil(Tievii l d ssoint ol o cetrtt po(1 k:liTlg kTi, Ini

p~rinctiple , rit:Se orT loweTr ilev flow stress, dlependin~g ((I il th IiturTi of thle

surface material. If the suirfacie coilstlitclks an oid(~t: f 111, anTd/or i-triictimrally

irregolar nniter..l, the- sorfate d sso1Oluu wTII n1thrally leAd in at reduicedl

flow st.Tes but gelerlily i-lily in fInl w re (or foml whene tie crystal sive is

0(o1. much Smallellr thanl the Ihicknt-ss ori dI aniTelor(' dI mlensi( ITI htulitie

mailterialts where cleaved Surfaces ha~ve- 1 ihighi popillat-on of sIl~ 1)oomrces,

tile renioival of these by til mt-al dissolution cani clearly Iead in magnIfIed

strength

Recent expermienets by K(ramer , (10i Al alloy speclTletls of large

d mcns ions c ompa red to then.1 g rain s1ize, s ugges fI hat siml T 1) C a11 el-ia I r e

rnoval models are- inadequate , for 'It wats shown tilt certelian retver sibhle yield
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stress5 drops OdCCIIii'(I With tilt' iIiipoSlt Ioin of (1et rotlyli I( cirirlit, The of

fec ts were very small , s imp Iy becanse aI change in the flow s trie ss (f the sur

face niatev'a I can have only aI saill effect onl thli average flow Stress of the

specituen. These results seen. to be related to1 the Relincler Hec Iro capillary

effect.

There is an miterniediatv effec-t Involvingý cLICUtICal ottack of the

mnetal by the iqu~d L'nv 1ronn1-int wvhich produces a inetzdlo organic species,

WhiLchi in turn has the c haria cter of a sourface a c-tiv e agenit . Kramner's studies

on metal stea rates and stearic aci~d and other organic acids just~fy a process

of change of niechaux ca proper ties by c heim iactsorpt un.

The inuflumenc e of eilv ir oixnent on thle phast t: ftlow pr opeti lxes of

metals has clue-iloiiable relvance to presenlt iil eresi" II IIIhe fracture of

normally duct ile iiict"In ITV inxws Initerest ng experinioiqel in this, field

are those by Ka rpcniku tin thle dynamiic fatigue sti'ength of steel :n sur-face

atct. ye i(1u11d enIv , cIIIxInweWtS . It i.s U.seful it this po~nt to re-cipituilate his rc

SUNSIt

steels! 0 11 0 1 Y% C , 0 7 1 0% C;r
0I. 35 0,45% C, 0 9 0 8% Mil, 0.8-I1 1% Cr.

iuiildit Wii quenchevd anid t.ioipw red, utincesignit ed strongilgl
annevaled, UT~S - 70, 000 ps*

Inidia: ;1r, water, Wv.iter I Z%/ isuiamityt klcohlu Inattiye
vasel ne Wi 1 2%/ iwitally ii(liWol or 2% tWe c
acidl, conIIIVier Al IIblobic-at ,lg Oil , new and penlt,
lobr cxatinig oil 1 2%1/ nvce acid.

Comnpared to the endurance IOn t in aii the vnidraiii e lmits in

wa~ter, Water I- 80anlyl alcohol , vasel III' oil I isoanxyt alcohol oi olvce ac di,

and luibricat.ng oA I 0leýC acid are mneasurably to)werI Water is is effective

as anly Of thle Surface atct ~v eagents by gc'nmvrt ng what K !nown as cowni05ion--

fat-gue Ilhe c or ccs ni prmat s 5can be stopped (at lea st by visual inspect Oil)

by the add t. on of siia 1 miounts (if isoam y alcohol as ain inhibitor 'File

surface a ctve charact ci. of i soainiy ale nhb1 is suff c cot to) produce just as

severe loss V endurance lrn t There is a disti nction between corrosion

fatigue and Surface active agent fat gue In the form-er case there is no de

Frned endurance limit, whereas in the tattlr aI c tarol resolvable limit is

measured. This a gnif'es that: frachture in the presence of surfacants (a

IT RESEARCH INSTITUTE
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te*11r 0111 ooiIi I Iiy usedI fo0r Suir f;Lce ;wt Ivc a gents) is dulumdeiile (m Ihe ( onjoint

existeiie of a ni ninmiin strvss and a ioinimurn ;ictivtl In corrosion fatigue

n1") crltieiil stress l!II~ t exists.

Slie ,ililtino~t of isoal-ioyl alcohol In Watter s not C ritic at be~ween 0.;2

and 2010 concenlt rat ion Thie loss .11 eiichraiire limitl i1n annevaled s-teels s only

about 10% At an i nterm-nediateI ha rdliies level, the loss wict-ca~ses to aibout

20%, and at higher himrdness levels 'probably UTlS-w 150,00 psi) the loms In

endcuranuce lint I is nearly 50%/. 'Niius the harder the steel , the more prone

it is to w-nubrttlenn'nt.'h is in agreemneit withi all oliher eniv.ronr-nenal

teinhlrittlerneiit phelomeina. Certa'n commuiercial oils haive mild surfaetant1

prope.rt~ILS Wthl c'onsequlent loss tii enmdurance limiii- 'J'here0 were un observed

(Ilft(reiccs between1 11cW aimd speint ol Ill tilt' pieselCne of a str-ong SurlfWIetant

speclilieti fill si beeoiiiei- ;Ill unimpilortanit faictor , wheIreaýs iinrm1 es' ing,1

it is a clef nit e factor.

Th'le rate of cyclingr ill fatiguie testinlg ;s all im1portant forof life

tinlie in the pre'sence iii a suurfactaiit 'Ihle lower the rite of .Y( ling, the in1-ore

'lh'ctive 'S the i'iiltriLlt leiiieit F'or example , w.1 cti I MO j so~il~lll al oliol

lowered I the n eiiiranivIe liiit lby 7% atl 10, 0011 cpin -I d by Wyo :it WOO( ph~ut

Ihi m ism an imiiiw'anit ibseivat ioil, for it iiihie tIl(. sIhai to the 1i ?iss c is IScoot rol led

by thet rate atl Wliei t.11he sui-faetamit c ani miove in c( itcks .Altlihoigh the work Iii

KALpek -IC i s atl least. (1 tin I--;i old , it lia.s i'' c r ho'cii i-'peutl I'd

Ill SRIOES OF LXPIURMLIN'I'S

A . 'Tensile .Iest~iii 'n the( P'resencei oif

Or ';mnielaquitms

All e'ngiineerinig imetatls 'except certaiii of the pruk iotis species) are

Covered with conitiiimou filmn iof owide As a result of high temlperature,

these films may lie sio thick that the Mietal is black o~r otherwise nonmetallic

in appearanre flowever , under prop)er ecindit ions of surtlaee precparation,

the ox~ce fUlm~ is no thn that the nat;Aal color and reflectlivity of the mnetal

is readily appa rent . itnough only aI few hund red anots tr ois thlic k, these ox ide

filurs are effective harriers, sepaurating the metal frourm gaseiluis or liquid

eni Vironmni t s .It is yerCy clifficult to e one en' of a scee lew wheri'eby in organic

I qui can be briuighit to an oixde -free so rfboe. '17hie ease awln reparocluc mility
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Of ilt t11 I tt~k sikeI - so l1ittiiiIi thul inl ('xjplora lotl jlrogf.;,tlt mu."! findi 'ntome

fit il Iti ' I i'ii ' ' 1e Ihc uX dct fIin i ii 's if, r t.i I Iy ;

11)1julol. prnhlvilt O)Xd(I' f, Inis ure III) tdiý ! i iic, ' (id Am Xi ('('( lig iltl( ' (-

p0 II of the i ubtralte iiiew,iIN the ftlio ti !-;, k repc ilfdly. Prov ided that

the suiirfatci of illc spcevItoeti s liberally suw'Ibc'd Withi till A t'ndilttte ot'g~flijc

liquid, the c rickus wxvhch forml provide rl 1epolted I.le inf iii i.lt;,($ hetween ihle

me-Atal intld thI( I qluid Tlens le stratin stratn stud'C~ie were. (t'flduit' 'Cd o)ver I]"he

Wvhole ranige of elIsi'-ti phl~iu- u' ehat. Air

Morei t h'i ZOO o(( rgali Ii l'iquid 'Is ;,lid solclt1 wi 0 ve re t' sedc III tells, he

evst expeI linviis Wvili h flU Al And sill' I mi~tt ri its . 101ý Iitf ot hev-v e pe( it -ý fte1l

AIt fit Ic r onii (If tll lt 1 ,1 fii v g ( i('g(i vs ,

1%1t 0In' Is h

()rg ii

M x c ii I ti I s 1 A ý t - I I(

A)1 tit ina rI til i til Irt-t

IBI Ii Iir Oj,f n UrI IttC d ( pe I-j .LIt '(I l m fd

iint o tli (.1 LI);cd tig(I

I.Ioll,~itir ,ril 'yl~t Reptirtlm in ;,



doiwni the crac~k to the root mauy not be revea led by i tensikil test . It is neces -

sary to apply ai timle axis to the proess In siich c-i cuicisaices ,a static

loading ccrriingeiccet is an accepted practice

.The problem of the( OXide ftlo) horlier Is not SO S imp~ly deailt With

here There is some 1 )ossibiliy that oxide fitiiis IlieniscIves crack progres

sively over a period of time When the iiictil suibst rate is loaded iii tension to

the yield point , ut there is no aictuali knowledge of this . Alternatively, one

can introduce into) the lquid inedniunit corrosive agent Whlich Will progres-

sively deteriorate the coint inuity of the oxide himn . A fur-ther method is to

sc rape or cut the surface of thec spec-iiiien withi it sharp tool under a thick film

or actual pool of the caintldate eivilrittliicg liquid,

All of these niiotods were tried o)ii simple bend spec mies loaded

tin the yield point a! the tens~le surface. E~xposuire Iiicie of 7 clays wals allowed

for fci lure to occur. A% Y%/0 sal lie soliitioni was used as the corrosive iciedjurn

o iic as it s olvent for o rganiiic spec Its Wll-ie( i o5 isibhI

The eiiiritleiiieuit ()u~'ist f ioetli;1ii 200 ogni pew

and a large iiuiiiil)erI Of saline Solutions, unider 11 tie(- Ope itI esf i or ciiiiii-.iiices

we re explored . TlIIt' re was IS ( ,IIgII-n Sl Iis;mImIIce of fl It Ire co1derI sta I;I c loaid Ing

This Was t rue evenl for liose coiii lions Where cmlisiiircible cor-rosive ;ccclionl

Was apparentl. T[his phiase of the pioogranil ciclibrim ei linil high sl riiigill a]Ill

111.n1ui1i and stceel

C. Influence of W -ater - n Dvyncilivic

(Cyclec) 1"cctigice

C;yclic fat iguie of cleeqty edge iiiuthmd sheet spec. miins under tension

tension stressing in the p~reseince (of candjdiche eiibr~itthg cigeims produced

uystemat~c and pronoiuiiicedl trends of prci'ncatice failuire . In tisl' case, pre'

nnoturi' failure *s judged iii terms of the number cof c ycles to) failure l thle

precsence otf the actve loiquid as cmicipare willh testing iii air uiidei identical

tessing conuotit ons

Factgoie Mtcess n g has the spec-al attrib ute of c oicb ming applhiedc

stess , ship :plastc st-rain), and cracking activity cover a suibstinlt at period

of tine. Thus , c hem cal interact ions andl surface wetting pr'oc e sses involvilug

the candidate suirfartaint liquids have conisiderabhle I cole to o((urumi' nd tom exert

influence.
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Fattigtie faI II rct cini he re, ibid fby fplott itg tielut' iiiillbr fIc ile('5

to fa IIit re agtiI Ist t Ihe cyclII(cm t'Ii) ite Wi)to stIre ss . ThIsbi sfhl oIunl I tiIfioI II y

known as til( S N curiive St eel liai the speital~ allitti' fite of' aln eindurance

Iini t -an alteinat rig sti'L'5 iuiagniifitf below Wlli' 11 Llkirt' Will iii'.''t Duct11

Ldge notched sheet specknivnes wvithI a IF led (1.001 illi roof radiuls 11.e% e oue 1

tested in tens on tens oni fItM go'. lion is .i ojistoilt tensile stress is 01dmF

tt tied ton the specillico Witlit a stnpe r,1111 )is et adidtlt it Wht tb y le's between /.ertl

tild s01110 littxi1tt11n1 Valuet. lThe S N curveYi plottedi ni Figuire I ]or the bi.gl

sienth steel relaes the mattgnitutde of the( cycl.c Met~nof toXenbro

cycles to folikee - 'her s a ski ip and cleairly defined vindnriice limit. 'The

('rocks orginatv fixont one or hothi of the edge notch I- bots mrd pi'op~lgatc -n aI

directiton tr.;insvt'iso to the i' sX of stessing until Ifth ni"xititit sires% 'xcet'ds

thte tlinlt ities a 'ttiit lt' retit f l('1Cli 11 ng Crltis--svct ~oi, Abiiti 50%/of Owt le iani

CFI'tk siiifLcv represenits slowly ,idl\itc ng~ fit gut' ('~i'ik.

S;itirti'ted tfI'0StIiS I.iiS fto flthe faces fI flt'e spei'u'iitcli\'' thei Whotle nittlied

aIrea. A "Sarani Wrapti ori ipolyetfhiylenei e'mi c'tlop pre'iven'ttSx' v IIIII on Thle

Solt 1 Io'ltis ]n F'iguire I ioleiiiiistariýthe li!' Iflil, (o I ''Y, N~iCI lutuitfittlo de ii

pit'ss thet iendurtanti lootl~ 'ittd perhiaps even to etiiiiiiittle 0flts s ISt s4niphie

t'otlf-ieiiiif'oli (it liriv~ois Rts;s iii w([irk.

As a flas's fori sirieti'niig flit it-fet venctlss if a1 Ii uge nitilithtr of

org1-'goo I11111d (1 ctncfalittS , .1 s'itgle sti'tss lei'!c f1.1s beeitk clitsei 'th1)Is -ý rioss

leVelC : S1 V ne r ,11 )UIO ,hIotII Ii~i f i' no riiI ih ýII( 'itI- -i i',itcer II Iui , t ) Io a.;. sfi' nun 1.I I d i y

and inl aji' W I1 not fail it thuis' striss level eviei ittl'r nitiny wilhfoils itt cy &n.

Ilowevir, mit thism Arsttsi level , a1 i/% r~t(: v;iter sofuimio will lUt tI~iii'ev in

M0,00, lt'-00O() t00 cyclIts. 'lT'e e-ffe vv'im's oif iitlt'i I qifitl (;iii bet judged ftý,

refeirencetoi ftheuse twit compaflrative' ciiid I mtis.

Thei S-N t-tive for fthe high si rtngtii Al illoiy, shotwnl inFiguir' 2

dues tiut poss at tetie endiluirancti lýittt 'The r'ifiiie f llt' rat ,of rat iglit I fe

'in salt suftifitn ft that ini air A Hone at all stress levels, indc not appreciably

vaii be, A dyna in c stress intc te neit. tof 1 2 I 0psi to tI 805d0 ps! preloaitd wa s

chtosen at wMich thi' Al alloy speiluin fais V air Mf about 4,000,0 (00 c'yc'les

andi in salt sidlit'tIn at ihmuti Z,500,0(0(0 cycles.
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lDist IeII d w it te I I i diices fa t gue f.1111lure n) fthe high st renIgth steel

uierthe spc(If'L Condijt MiIS Of test at "iB , )00 cy its lb s is aI Profound

enibr- Itlenient hut One WxvhchI S 11o novelt~y It) theL SolIjILt Of high st rength steels.

TIhe or gin of Wa~ter emrtlnethas been generally regarded as falling

wV thin thei cont~ext of what '., termed ''st res coirrosioni' cracking. Contlerii

pornry theory of stress-cur roson craiuking I "i'et Ole nierhanisni as one of

11ggily local y.ed elect' rtOLheiin cal tOrrosion . iutileirited and gii ded by the

inten1SIty and (I reeC Ol onf p~rI int p.al tenS II ie I stresses

Howa~ever , the siihstaiiie of the( plcrtisi results shieds considerable

dtoubit onl the( apill caiiility of st riss- corrosion theoory to Wa',ter 'nibrtt lenilent.

1the additin of 5%/ NiCI to water as a SOklit wi ~roduIces fatiguie fit lure in

5 WO, 0t0l cycles wli'ct is not d stingiiislImble froiii the results w ill dslt lied

Wa ter1,. Yet, clearly , the elect VI ral (iinrlicit vOY of 11wc saline s.Altilonl is

greater !hanl that of (I st Iled Water

Fiirtiiei testS reOveal Iii Sigiiif cant inflUOM'w Vt pf 11of Water onl

fall gill' VIII t Distilledi watt~.er'xpoisedi to ia r ssunlilei a JAI of abloiut 'I4' prob

abily litlusI' iof ISO z asoqiM~ "iM in ni nile aniains. 'he lil if d stlled wit ir

WaS adjustedl toi a v'a tin Ot I tiy th i' addt I ii of' a fewv dlrips of I IC I ill ione inl

st anc' aniid to ai vi~ td o 7 amnl It 1 o, th liadd it ion ()l dlrops of (oc 111en? ji i'

NctOl I soliit oni. 'the reskilts of fit igucl' est fig using Itletsi fouir p~lIt lvels iii-'1

showni ill li'igiire( i, XIvii' 1 over the I lii' af' Jill froion I to 12, the ut Inc nc e

of huydrlogen'im! h1(1ydroxyl iioi tviniciitrat ion is very smai~ll and proibably

neglig Met Whien liii fnoruiliI scaitti'i of fat igue dalta Is takenl n'.o considcrit *onl

Added tl fllt~ itigl g til nfliieiiie of a 11 gli Salt (OMiic('itit on, Onl CuiiCeit ia

t. onl is inot at Significant falctor This concluision s ofI ('oliu't qi euol

pat ble with conim'1pora ry stress corrosion theory.

'To ti'eresult's mlay hi' idded the buehav ior if ligeiiiposed

piotentials betweenl the specmc~lii and a1 plait mimi wire thIirough thl le ccci 1

of dI st tiled water whiile' undergoing cyclic fatitguet strtssng 'I'iiese potemt As

are high enough to) prom-ote irap d dir ftl of ions to one or a nothleri electlrode

depending onl the sign If ion niob I t y is a simgiiificanmt. fAictor , there should be

a sigrnifi cant shorteninig of fatgue fv. 'The r esutlts are as follows
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Aev ro 9 1, 000, 60 1 000

speclilxco negative, 2 Vttlts iM; '12 1 , 000; 4 70 , 000)

spec 11e1(4 pos tivte, Z Vohts DC 916t,00o; w 000, 912 000

W itth the test specinien pos Mie ito attir I (Oil ) ,ats lltcrt nit

s gotfctnt tInfiuen, L, b~y aI tirgi' ptenItiai I W'I Ieli ( ,tI(I dlit, tg 11 .\ ( t, o r -

(111) tons5, there' s ant ;pprttx intlely 2051o dec ct'iv(n It Itgii I le \vhkh

relatively siall effect and mocst I key due to hydvugeit absoip
1

tit onli'it

steel rather than to corrosive, act on utstcj-led wit h tu plitt og M hydrcgco

Again we ninust concluode that ions iltud ton conc~tentra; tio do flot pl Ny a dtolitl 1:1,

role, ii fat ig-, fit 1111-

III (list tied watier, the 2(t2'i ailloy f;t Is III aibiout 2.,()()~, 000 cycle" WliteI it i

\Y 11 the SalineI Solot tOn f~illut~et- titet1rced II thev tinge of- 2. 40(t , 01(.

2., 9'0,0O0 cycleS the tiffereNce is tv vial (lest) tt the fait W haic -to il lIeI
sotot on)I s clearly highly corriois-Ve ti t'iittie ae sh

1) Influence of Aicotiot sonytI iige

g cncil fortinuit C itt Oil1, so thait whunii't I %vi Itivt' Cit 1 011 ýWtt,(h

Iltetlitioil) tint wthent it 8 we ha~ve C I 1 t7t( (which is octyl atciohot) Iiltwl\ t''

hle fortiioila C.8 111701il sat'sfr as whole Mrioup of' atlcohols of stilt it ni ti~ , .I

wo, phi, but1 (I fferet11 phys cat proipert't it' 'lwic Wft'enttii pirs icI, pr pei' , vi'

dvr',e fniti variations in mynuni ry of ct t'lon .1101 Iyditixyl itiitii g

TIhe pritnary, H einod;iry, an-d tltr aty aicoioltis eli h1 li~t'i iinfinot

property clef ncd InI ternis of the co-ord nat tot of catribon at uims .i rotind !-(

bon)1 ttotilto1( whichi thie ( Oh1) group) s ;iltachoec 'The catrbon it('1 i'm St (ic . i

wv th- the ( Oi1) group ini pr'-iial'y alicoii~l lids aI carbion coiidriiii ii oft cite

nt sec undary At cohoi s , I ca rbon cooird I nt tin of two;it: anti in I et i.1 I. 'Y betLs1

a carbon c oordinat* on of threc. Thum , ottO of the print ry tintyl. ah ih& is ut. " d

be described as follows.
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I I _C; G C; c 01-H

but a H Iij)"I(' Varult Oil SUCI is

C,

(fur s nipIi c .1y, he hydrogen Mutms are oni tied) doesa nut e hainge the c ar bo n

(e00rd.nation at thei (011) gr-oup and 8o ('0116, !Aies an~u irnwry amyl

alcohol with (I fferenit physicalI properties The f rs, of 1h~ s o-ornri-niny

called 11 moyl. aLcohiol and foi- otbv i.iis reatsonis H dese r thi as .I sinah

'111c siraighl chii 11 secondary ii. ohul Hit- arnyl, ha~s lhe foIluw~ng

arriantgenivill (aga.11un titit.ing liyclrugtt ialumts) ltcwIwinti ,iihn itorns and the

.01) grmiop-

lThv ( Lrboit (oord nation ()I ile carbuno i otin hioldinig thle ( 0ill) giotip' I.- 'wI

G. - ( -. C, -

01l-1

we have tcrt -anyl a! cobol wli*ch is . s rictly Hpeakmig, no longer a HirwAight

(.ha m t 11ii1i ee

Obv ously the multiplicty of aicoshol spec us gous q, Will inaltcuatr

wve ght, and a study of vnlbr~tlternivnl oughti gel tired it irreleva-nc 1Qcs if

every species wasH taken for study Iii r the purpos e of this pr ogram- sitni

plif.ed trends are the object.ve.
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A clear ifnd siiiple t rend s- revealed by ploltting the (ytles, to

fi lure, against the numunrcal value of ni froton oini i HI 1711111 1 Off as .n1

Figure 4 . TIwo culive ariIe plotted one for the pr nwiry and (ime for1 tIhe

s econdairy alc ohols.i

It is mo11st rt'iliairkaillt tha~t when't lb' cit ves for ho)0111 f nlirli .r y

se'oindar y aitlcohodsi- ar i'' xilpolkA et Imik to n0 I) iv v:,lie of N F ( II. li ýdes

almtost, exactly wm 1h that for ilist lied water. For flit' puriposes of eo1Lrlr~tle

n-icrit , t~h s suggests that wate'r helm ys as a Mui no g spe ust of Wu ho 1 . Thi_

s a not her sItrong ndiua t on that st u' 5 ciii ets onl can tJiI eplil ae ni ppli :,!)I(-

WhileB the (iiri'('lil oit of fit igut' I fi' Wt I he otb' of (irfblln

ato11015I fiithe alcohol ilfmlt'cultt is ai Valuabtlte sign of sYws'i'ii.' 1( itti o' (it .

o(tilt' 1111ot of Istlf shedlt ifiluc I gtoil(1 flit' iiiietvo, 11sili of urnh.- I eit eni'll 'the

ciltilitlion dt'iiioiitiitor in Aii of these, itttihlis s flite ux L'.tt' v of In k, Off;

grioup But thit oxygent Monki is .itlt foot wino's as tag is fiwl iiytrogt'r :itill

so that Ihi' ( Oil) group s i't'lly diiuiiltti( by flit' s li' of I tie iixygi'n a:mol

antl In gift be, regardie'd i'ffectivi'ty as Skitl hitu i' iot'ls lI.Vi' i st riiiig .iff'rifyv

for oxygen, I is i'i';lsiifiil i' to -ggest that ii t Ic nflikii'i c of if, ihlt~s oill 1'

tiihesjivt' mrt'ngll of ifton dertives tro'iini rttt'iof iil itlwt'tii ,ufict fo lolllSý of

t rnt and1 thie ( -()lIf) gi'oup~s of alIcoiihol.'it Tlcinf l oft file'i llIlt ( 0il) gil11 op on

fracture' (N 1 ,,) was MAN10(, with etlyleio glycoil (110 (:-( 011i), whoisie sliic

tLuret S Ve'ry siniiiitt hut pi)55'wsi'5 two) ( O)il) giriuips hIn liý ( ise file 0111111

her oif cycles tol fulurv (N I,) is 8M1,000.

pi'inary ailtoihtls , the tt'M ary ieoliol i'eve'rse's this trend Abrupily.

Alcohiol N F, Cycles

n-arnyl 1 0 7 5 ,0) 0 0
Sto i uly I 172. 000)

seccdilyly I 82 *000

tent arnyl 1 530),000

As will be discussed later, this prOmbaly reflects thec sharp (if opl) i p):iktlig

eff'citncy in going from molettc'ules withl titl- -Or tWO doiers,'l. Onital (Alt tel's10-

to those w th hirceedjinrens.othtt clharactters A further olvsighi into 1.ec in

fI ucnc 0 of rnoIculenI s ze an rd shape omay be had by exaito ning flit' be ha Lo of'il

ItIT RES EARCH ItNSTITU1'E

IS QTI It- 18312 '4



10
0 PRIMARY ALCOHOLS
A SECONDARY ALCOHOLS

9

/ n -OCT YL
8SEC-OCTYL. A 0

o - - U Y

+ E-POYLonPOY
NG

< -X TAO

0 r
05EHAO

0zc 11

C1

2 0 ETHANOL x10

0.110



benzyl alcohol lBcnzy I ate .,lol call he r egardedi as inc thianol xvi lb ni ;i al.c bed

benzene r ug. Tb s has a diefirlte effect in reducing en ir itt~l em nt for- wh'II

mi-ethanol causes failure nIl 79 , 000 cycles , beiizyl a Ic ohol requiries I , 133,000

cycles.

The alcohols prov'dc at siminl ar trend whe n aLpplied to high -s4 re ngt b

alumiinum. The resuilts of it progra~in Of te.st'ng Pli'Mlay anld Sec ondar-y AlCO

hols ore shown in Figure 5 .Aga n , as longe'r chain molecules are used, ilhe

emlbr ttlerile nt factor progr'e s sively d isappears.~ The uo ty I al uhlJs i.~ eh

sentially nonei-nbrittling . There '.ý ro resolvable dist'ncti on between Primary

and secondary alcohols Finally, as with steel, extrapolation tn zero carbon

c haini- length c oinc ides w th the fatiguie I'fe of the alloy in water Agoin. we

have cv'dence that water behaves as a limi t ng alcohol species.

Ini going fromi a pure Iliquidl species to liquid so]lut ion, we ope n up1

at lea st two interest* ug alterniativesý

solution of an active coml-onellei in all inlactive solventl

mi sc'ble sollit~on of two comiponents of different a( 1t% ty,

Eaxaniples of eachI are shown iii Figuires 6 and 7.

Figure 6 Ilustrates thc behavlor of solutions oif ain atctive coin

ponent, isoannyl alcohol, with anl inia(tive component, heavy Imineral oil

The trend shows al n udependene e of c oncenitration (if the lsoaniiyl al cohol

above. a erCtical 10% level. This H the expect('c behavior of' a soluition inl

which one component has a pr opens Ay for su rfac e ads orpti on The cx.l sl"ece

of a thre shold c onc entrationn requires som-e r onsi derat Ion In vaplor- c ende n

sat onl pro':e sses, the. deso ept.on and absorption ra tes usual11y ha~ve ci tfe rentl

conce ntration dependene 'es , and as a re suit, the equ I br ,uni ctn utn oll

of i soatnyl moleccul es on the iron surface achieves a saturation level Ontly at

somc finite solu':ion concentration.

Ylgor e 7 illustrate s the bchavior of two il s i ble act ye I qu id s

water and ethanol. The shape of the cu trve ndirate s that waiter adsorbs, lo

an iron surface to a degree in excess of tLs proportion in lie solution it

may be that all solutions of active components will show this characi eristic

If tb's is tile case, then it can be inferred that the adsorption bond strength

and embrittl ng propensity are directly proport'onal.
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L'. Influence of Ethers on Cycltic Fait gue

The s ruple &I ethervs c' a be. desc ribed by the gen r id formoilla

C H- 0 C 11 So that when n I we have CH- OC I- wh c h is 11n met~hylII Zn- I 1 II ZnI ' o 3 3
ether and when ii a 8 we have. C 8 1117 0 C 8 11 17 w h eh is n -octy I ether T hece e

arie rnany ether var ~ations based on the chol ce of hyd roca rhon group on eii her

s~de of the ( 0-) group and on a nitltipi e'ty of (-.0 ) groups, i a chain.

Th'le monlecula r formula for a pr .ma ry d -ether does not adequat ely

descr:,be it for present purposes .We can alternatively write. n butyl ether

a s*

H ~ 1-1 1I 1- If 11 11 11
IIIII I It

HI- C - C. C- - C - 0 -C - C - C C .- 1-1

The carbon atoiri arfl1e. c omipletely s lie ded by hiydrogen it oni s butl

the oxygen atom is not s ymrnetrica Ily bondled onl ;Il sides .The ecihers i nec y

Othus he rega rded as polar mIr ole Ies pos se ssing a polarc i i oxygenl ii ur

i e. , anI oxygenl atomi whose force f eld 11as scone me14asure of .1bld liy Io110 m

act with other inconipletely shielded force felds suc1 a1s exist ;d Ole surfoc(e

(if solids,

T he. prni:try di -ethers areV capable of pr(Iduc ing embhr it leneient nII

steel uinder cyclic fatigue . Yigure 8 demlonstrates that as with al couhol s , I hie

deg ree of embrittlernent ýs prupoi~t iona 1 to the carbon c ha in Ienigt Ii There .s

aI remarkable sini larity betweeni the pr ma ry Wl- etlw rs and the secounda ry

,alcohols in their respective abs olcito mieasures of enibr'ttleinent and the ru to

of change with car-bon c hamI length The general simniilucr ty between ether-,

and alcohols leads to the inference that the polar properties of the (-OH1'

and (-.O.) groups are not very much different -Again, i't is seeni that extra

polation (Figure 8) to zero carbon chain length contc:des with the m-easure of

ernbrittlement exhib..ted by distilled water.

It appears that multiple polar oxygen groups (--0 ) can compensate

for long carbon chain length so that embrittlement activity is equivalent to0

simple ethers of short carbon chain length. Three examples (hydrogen atom-s

omitted) are:
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diethylene glycol d'ethyl ether NF 706.000 cvcles
C.-G-O-C-C,-O- c-C-O -C-C

diethylene glycol dibutyl ether N 807,000 cycles.
C-C C.C cO-C C-. CC 0. C..C-C C

d'ethylene glycol mono-n-hexyl ether NF := 816,000 cycles.
HO C-C O C-C-O-C-C-C-C C-C

These fa-.lures are comtparable to those produced by n-propy! and n.-butyl

ethers. Note that the (-OH) ;s act:.ng as equvalent to an (-0--) group.

A similar indccat:on of the s'gnlf'cance of multple polar groups

is obtained by compar;ng the cycles to fracture produced by ethanol, n-propyl

alcohol, ethylene glycol, d'ethylene glycol, and glycerol:

ethanol C C-.OH 900,000 cycles

n-propyl alcohol nC.C OFT 1 ,040,000 cycles

ethylene glycol 110 C C-OH 824,000 cycles

diethylene glycol HO. C C-O G C-OH 756,000 cycles

glycerol C - C - C 868,000 cycles
t I I

OH Oil OH

On the other hand, a closed chain system has no effect Dioxmne

s a case in point, w'th a bond arrangement as follows

G - C

0 0 (hydrogen atoms omitted)
\C - C

Here we have two polar (-0-) groups arranged "n a closed chain Dioxane

produced no embrittlement :n steel to the extent that fa lure had not occurred

after 7,600,000 cycles.

A check on the possible ;nterference of absorbed water ;Is a

trace impurity was made in the case of diethylene glycol dibutyl ether by the

use of infrared spectral absorption analysis. Inspection of the absorption

bands showed no detectable evidence of either alcoholic (-OH), water, or

carbonyl groups (C = 0) at 3 and 5.86 microns, respcct'vely. Almost all

other test materials were dried before use.
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F. Influence of Aldehydes on Cyclic Fatigue

The aldehydes are hydrocarbon chains to which is appended a

C \ group. Thus propanal is a propyt chain with the appropriate end

group:

C 113 C H-I C0

" H

or
H H

H C C C "NH

The oxygen atom has a double covalent bond with its adjacent carbon atom,

and cmribrittlement stud'es provide an opportunity to assess the relative

polarizability of an '-O) atom as compared to a twofold single covdten! b,•nd

as in ethers.

Ether Aldehyde NF, cycles

n- propyl 810,000

p ropanal 1 .050, 000

n pentyl 950,000

pentanal 1 ,400, 000

n--heptyl (interpolated) I , Z00, 000

enanthal 1 500,000

There is a consistent trend to indicate that the (ýO) group is solniewl iall, bill

not markedly, weaker than the (-0 ) group 'n surface. activily. As with IIth'

alcohols and the ethers, Figure 9 shows a consistent relationship belween

embr;ttlement and carbon chain length which extrapolates to the value for

water at zero chain length.

G. Failure of Notched Specimens

Under Static Loading

One can wonder whether the premature failures encountered by

cyclic stressing in an environment of an active organic liquid is due niore

to the cycling action than to the peak stresses. It is likely that the continual

elastic opening and closing of a notch and subsequent crack will rupture oxide
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films as they form and pte rpetuti Ic liquid I ictai c:onta ct . But this is, only

speculation. It was appropriate , theri'efor e to uise the s'arn-i center notched

specirren with the sanme systemi of wetting with at liquid under c onditions of

static loading .in this case, ;i stress of 90% of the ultimate strength was

used In air the spectmien sustained thi~s load for mrany days without failure.

Wetted with water , aIverage fai hire tinies were about 8 hours. Wetted with

i-ethanol , the fail ore tini e averaged a bout 9 1 /2 hours No failures werc

encountered with ethanol or propanol despite exposures of' as long as 418 hours

We okay conclude that while stress itself can cause failure , the

process Is very protracted. The cyclic stress action of dynamic fatigue is

an imiportant1 fa ctor in erlbrittI 1 cr0 ct

IV. SUMMARY OF EXP)ERIMENTAL OBSERVATIONS

I.Ebi hrtt Iciiemet by o rganiic liquids is not enom iit ered in si niple

coot'nunus 1loadling in tenusion to fiiiur cc aiid in statice loading of uiinotc bed

pc inieiis at stresses ats high ais the yield pci nt . Only water and nmetlua not

produced pr enmature fit hire n1 static lo;Iding of edge -note led spec inie 0

loaded in tension. Cycle loading In tenls oui tension fat)Iue of edge-notche'd

spec ouins produced p1r'uuatuire failures which were systeiuiatueally related

to the niolecuila i strmucture of tile organic liquid.

2 . Wauter provedl to he the mtost effective cnibrittl i og liquid in

cyc lie fat gue test ng . Ion conceneitrat ion by miljii stroent of ph11, by addition of

soluble NaC I, or by imposed D)C potential has , at imost, a 1minor influence

on the effectiveness of watte i as oin enihr ittlIing agent of steel . III thle ease of

alunitimun , the highly corrosiive Sal ine sointion wais only slightly 1-our e ef -

fective than di stilled water.

3 The enibrittling atu t on of primnary and secondary alc oliols is

proportional to the enarbon chain length, being more effective at. the shortest

carbon cha~n length Tertiary alcohols and closed chain alcohols (benzyl)

are le-ss effective than primary or secondairy alcohols of equivalent carbon

chain length. A glycol with an (-0OH) grouIp at e'ther end of the carbon chain

s more effect ve than the pr mary alcohol of equivalent carbon chain length.

4I. The embr ttling act~on of simple ethers -s also proportional

to carbon cha nt length, be'ng more effective at the shortest en rhon chain
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length. The effect'veniess of iin ( 0 ) group Scorns8 not to be much different

from a polar ( 011) grouip. The ex'stence of niultiple polar ( -0') groups in

it coniplex other scerris to couinteract the long carbon chain condition, i.e.

these others are as effective as short cha'n smrple ethers

5. In the case of alcohols , ethers , and aldehydes extrapolation

of embrit~t to e iet to zero carbon0 chain lenogth conOsistently coincides w th the

enibrittlernent potent at of water . Water can be regarded as a zero carbon

chain length 1molecule W th d polcrl ( -011I) group Th s and the aforementioned

observat'ons on the lack of 'nfluevnce of *on concentrat~on, are strong evidence

that enibrittleinent by wvater *s not based on stress corros on electrochemical

inechianism-s

6 The aldlehycles behave a s long chain polar molecules in which

the (=rO) oxygen atomi is only soninexhat less stirface -act've than the (-0

oxygen ato oi s *n ethers.

7,The behavior of alcohiol s toward aluminum is basically the

samne as towarid steel wh cli wotuld r coder the potent al contribution of hydro,

gen fromi thle hydr oca rbon part of the c ho n or frorm the (. OH) group as un.-

likely, since hydrogen (loes not v nbc ittle altini num . More over, the extra

p~olat on to zeroi chnuin l engthi ago ii c oinc(ides with the embr ittlement level for

walter.

V. SOME THIOUGHITS ON l'IL MECHANISM

OF EMBRITTLEMLNT

A mied urn ci h0p(Ie at thW eXtV1i' _L1 surface of a specimen under

stress can act its an einbr'ttllng agent to the extent that some atoms or

molecules in the miedium possess a positive interaction capab'.lity with the.

atom of the solid, and] to the extent that these atoms or molecules can pursue

the crack as it penetrates 'nto the suirface of the solid. Thus, there are two

qualify*.ng cr'teria- - nteraction and mob lity.

The nature of the *nteraction can only bc reasonably inferred.

Certain fore'gn atoms arc strongly attracted by the surface atoms of the

sol'd. As is the nature of atom c packing, the foreiýgn atom is drawn into

the geometrical rest pos'ton between the three or four atom surface arrange-

ments of the soldc]. Th-s must act to increase the nteratomic spacing of
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this tr plet or quadruplet set by an amount proportional to the force of at

traction. This three pius-one r1- four plus one unit is at a lower state of

total free energy, but at the same t.ne the cohesIve energy between any two

atomns of the sol'd "n th's uns 's less Thus, the critical force to separate

two atoms of the sol d beyond the spacing at which interattraction ceases is

reduced. We argue, therefore, that phys cal adsorption to the real surface

of a solid must reduce the cohesve strength at the surface and also the frac-

ture strength. 6 '7)

Phys:cal adsorption mnay not be more than a tr-nsit-on state. The

adsorbed atom may mn'grate into the solid host lattice so that the point of

reduced cohesive strength now resides in the interior and possesses no

continu'ty with the source of fore gn atoms, i .e., the medium Alternatively,

a change of state may begin at the surface with the growth of a new solid phase

with ts own crystal iat cc. This also acts as a barrier between the solid

and the fluid mediumrn to prevent propagation of a ruptured atomic bond. Prob..

ably for this reason, liquid wiotals which have no constitutional propensity for

the formation of into rmediate phases wi h Iihe solid will more frequently cause

severe einbr ttlenioit undoer stress

Oxygen must be regarded as sr rongly interactive with most metals.

lut norinal gaseous oxygen oven under special conditions of d atomnic dis

sociation will rapidly forum an iilterivning solid ox'de film separat ng the

metal from its environment [ loweve r , oxygen in a polar group attached to

an organic molecule is in a specoil state, involving coordinate bonds and two

pa. ra of unshared electerons. Wh It, adsorbed to a metal surface, it is jointly

bonded both to the host molecule and the metal surface without gain or loss

of electrons; i.e., oxidat.on does not take place . This must prevent any

change of state so that in event of atornic separation in the solid surface,

the rupture can be followed by the fluid niediini with its reservoir of adsorbing

spec:es.

It has been recognized for a long time that the real strengths of

metals are several orders of magnitude less than their theoretical strengths.

The reason for this is, of course, that metals cease to behave purely elas

tically at quite low stresses and develop a large strain capacit through local

plast-c shear processes To the extent that these plastic processes can be
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restrained from initiation, the strength of a metal may approach its theoreti

cat value. The contemporary concepts of the origin of fracture nuclei and

crystalline elastic-plastic solid have focused on the unit processes of shear-

type plastic strain. These unit plastic processes are doubly heterogeneous

in that they are confined to widely separated parallel or conjugate planes and

directions and, within each slip plane itself, to an avalanche of separated

crystal faults or dislocations moving in the slip direction.

It has been recugnized that a line of dislocations contained within

a slip plane pushed against a barrier to passage, such as a grain boundary

(there are others) , by an externally imposed shear stress has many of the

elastic stress field characteristics of a sharp crack of equivalent length

acted on by transverse stresses. Thus, the tensile stresses directly in

front of the head of the pile-up of dislocations are many times greater than

the average applied strviss. We t:ont. eive that a fracture nucleus is formed

when these extreniely local stress magnifications reach the critlical cohesive

strength of the solid. When the cohesive strength is highly anisotropie, the

fracture assumes a cleavage character,

This part of the discussion served to emphasize that the conditions

for fracture nucleation are achieved only at widely separated points. Further.-

more, the environment can only influvnce those critical points at the solid-

environment interface. 'l'hun,, for efficient embrittlenient, the extent to

which the surface is tightly packed with polar oxygen groups (or any other

surface-active group) is an important factor.

To gain some appreciation of suy'fa ce paicking, it is necessary to

give consideration to the shape and character of the whole molecule of which

the active grnup is a part. Water is the simplest case. The (-OHi) group is

attached only to a hydrogen atom, Here it is important to remember relative

atomic sizes. The oxygen atom is so very much larger than the hydrogen

atom that the (-OH) group viewed on an atomic scale is hardly more than a

slightly distorted oxygen atom. The other appended hydrogen atom is equally

insignificant in size. The packing of essentially oxygen atoms ( -OH groups)

from water onto the surface of a metal is comparatively unobstructed by the

size and shape of the molecule.
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Thle primiary alc ohols rep i e sent the addition of one finite dimensionn

of shapQ These are citrbon chains appe~nded to the (-OH) group. Ideally,

chain. shaped m-olecules attached at oil( end to a planar surface should pack

very tightly independent of the length of the chain.

It is doubtful that sorface packing is the sole reason for the re-

lationship between chain length and degree of enibrittlemnent. We must con-

sider also thle nature of crack propagation. The crack itself is a very narrow

planar void. Since the degree of plastic deformation ahead of the advancing

crack is smnall, thle s epa ration of fracture surfaces near the crack root may

not he niore than several atomnic distances . Into this constricted channel, the

m-olecules of the organic liquid m-ust penetrate in order to continue propaga

tion of the crack to at length that is self sustaining for the imposed r'eak stress.

It is not difficult to appreciate how the long flexible chain molecules penetrate

miore slowly than the she rt er ones . T]his penetrcation factor may , its elf, be

sufficient to a cc ount for the chain length rxle lat iounship to ernbr ittlernent.

From primaniry to secondary to tertiarty alcohols , there is a pro-.

gression fromi one to) two to three clinlensionail chac-acters of the m-1olecular

shlpe . The t hr ee *1le ns lona I c ha racter of the Ic ri ar y a lr ohoIs, both from

a packing and front at mobilily viewpoint , should dleter embrittlernent and this,

ill fact, is observed However , Itin two dimensional character of the sec-

ondary alcohlols is Ilutigateri by the reduct ion in effective chain length; thus

the apparent chainl length of sec ondfary propitonolt is only t~wo0, compared to

three for ii propyl itl cohol , Actually 2 pr~opa nol behaves more like n-m-ethlyl

alcohol , i . e .,a reduction of two ini chain lellgli . The other secondary alcohiols

aLct, in Sit-i1lar fashion There moust he a noll he i nfl oonce of the double carbon

atomn c oordination on thle polar izabil uty of the ( OH) gr oup.

This effect of twofold carbon coord-mation must be an important

factor , since the ethers a ppeari to lbe soniewhiat. more effective embrittling

agents than the alcohols . This factorit s well as the absence of the screening

hydrogen atomn (in the 0-IH group) appears to outweigh thle two-dimensional

character of the ether molecule. In this regard the notation for an ether of

the form C n1 n-1 0 C n1 I-I cannot be. indicative of the actual molecular

shap~e. For the oxygen atomn to be surface active, the molecular shape must

be more of the form
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Fl n I. I C n

The substantial embrittling effectiveness of multi-polar ethers

such as diethylene glycol diethyl ether suggests that the molecule must as-

sume special shapes to render each of the ( 0 ) groups effective and thus to

counterbalance the long chain effect. This can be achieved by arrangeieilts

as shown:

G -C

0

C- C

0

G C

0

C C

This chaiin can he completely fl(xibic, yet present to the surface each of its

available ( .-)) groups. In this way strong activity can be developed with

decreased volatility,

The importance of lthe flexible character is seen whan a closed

ring type structure such :s 1 4-dioxane loses ability to produce embrittle

ment. Structurally, it is virtually impossible for both ethereal oxygen

atoms to attach to a single metal surface because of the "staircase" type

structure. Both could he adsorbed, however, by two almost touching sur

faces as in a crack. Even here, movement of the m~olecule along either

surface would be geometrically prohibited.

This type of work is obviously only at the beginning stage. Some

simple generalizations have been revealed, and some rationality can be ap

plied. There is much to be learned about real shape of molecules, their

propensities for packing on a planar surface, and their ability to follow an

advancing crack. There is also much further exploration of additional polar

species capable of engendering ernbrittlement.
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APPENDIX

I'IC'S' PROCEDUBLS

A. Materials

Specimiens were cut front 0. 080 in. thick commercial sheet. The

a luntinunm 202- was suipplied inl the T4 condition. Tile steel sheet machined

to spec minin diniensions was heat -treated by austenitizing at 1 550 0 F, cooled

in flowing air , and temape red to the requiredc strength. An approximately

0.001 in. root radius was attained in the notches by the use of special files.

There was somie lac k of r eprotduc ibility in the stVeel specimiens from heat -

treated batch to batch as dis closed by the! fatigue limit in water wvhich varied

between 450,000 and 700,000 cycles Only batches giving 550,000 to 650,000

c-y-IPle to failu1re Were used.

Flat ,shevet type specimiens with a 2- in . gage length and pin grips

inl anl Ins8troti Iiaachanei constituited thec simple test procedure. The full stress-

strain curvwe was r-curded . The surface of the spec imaen was poli shed either

chiemically (for Al) , or by surface- grinding (for steel) . Thle candidate liquid

waiIs swa bbedl ontot thle suri.face gene rously before loand ing.

C . Unuot chled Static tLoadiln% in lci~edil

Fi gur e 10 ilIlust rates at bentd fixture designed for this research

prcogra na. Thie specimante wab t stripl shalped3 c Oupoii of dil it te nItiois 5 ill.

long x 0. 5 in. wide x 0. 080 in Ithick The specimtens in the heat treated

condition were grouind onl the tension surface . Each specirnen was loaded

to its yield point, in the( bend fixture by means of an Instron univer sal testing

machine. The I, tod wig s ra usfer a.ed frorm the ma chine to the c enter pin by

means of a threaded nut . The center loading pin transmitted the load to the

specintlel by a solid glasis cylinder, which Lffcctively provided line contact

and electrical insulation. Load was transferred fromt the machine to the

loading pin by an intervening steel b)all The steel ball and glass cylinder

jointly ensured good axiality of loading. The two outside support pilns were

covered with insulating tape so that no elect rochem-ical currents could be
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Neg. No. Z5005

FIG, 10 - STATIC STRESSING SYSTEM

Stresses at the yield point of the test specimen. Asbestos pad clipped to tension
side of the specimen and saturated with candidate embrittling liquid. The whole
assembly is placed inside a glass bottle closed with a rubber gasketea steel cap.
In the case of saline-base solutions the glass bottle is prerinsed with salt water
to minimize evaporation from the pad.
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A dr p o 11C (-tnIdtl[C fhIt I 1w t. 11(1 ing f' l Itit gr u d s -a eo

mean I .A 1r CS C VO r of flu idc wa s pr ovid edi by c larnpi ng an asabestlos pad,

Saturatedl With fluld hito Ih tonsionsli-c oil top of the scrihe marks The

whole ass embl y wat, )pI;Clace linside aI glaiss b~ottle4 andl sealed Off by means

of a rubber giakoi' i~lvet CAI e). lbIS Was' necessar1Y bVi'.iSLe of the volatility

of sýllme Of tHe I'lkidi e~iiithiiltis- 1,:it hi fivt was run for at week, with daily

cheocks tol. I Iid tene (. otf tai ti

I). (yclic'lettsionl l'Yiotii onl"I'.i gite 'eslin

l'igiiti' I I khoist i l"l' ilt t ype' (d edge tiocithiet spvcIliteti 11ed for

ttemi-ntil tension type. ol I.I ;gil le'~l oig "Ild Ihv ;iicuragellt-ent Oft ptds ,(lips,

;11( til V Cd1) IMIg by \V l ii tflit' .in ldi<LlVt girl c I Wof1x;k broug~ll In C OInt(ct

%vli I lie lintl hedl regol of Otlie ',pc t lit'ti. FIlit, nttth el1self v.'a finiiished to

0.001 Inl. root cad wo wili spro i t iles Vi-algkin lest g kvas (loi' in1 at

Kildwili fat igin nluin( 11 olc Ope oig it 1800( tio . A, c otI ding, Io 1) vt, v ioitit

pllitblte11d work itls , low (At , Y, ~ing wisý ittorc cOtIldkhIive lo prl)'i170tf

(ritc~kihg Ill fliii pr~'m of sutitlaltntIiL

Wh/il i Ilil tni £ na I altl sics-ia aImipits ei oni I'le t'dgc no11elied sheet

Sl)(( 11101 ;ire not ki rgt flte teptiil of tintolI 1(1 m hnot 1W in rIi ltd us (abolut

0.001 Ili.) arc stitti ;I, to e rcate vcry lartge ,,t ress rlagninfiealttotis ilt the

root . If oneit-' 155htiles pit rely e'lw ~0lt(hei:Lioiltt, flit' st ts- fhgililiftehitinn is

probably betwoeti 2OX aol WfX Thits meniis that the at resses at the ritoUii

root reaich at l1t~iiaxitiiti V.1ilte of ;tiboit 40(0,000 psi.
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Neg. No. Z5006

FIG. 11 - ILLUSTRATION OF EDGE-NOTCHED SHEET SPECI-
MEN FOR TENSION-TENSION FATIGUE IN THE
PRESENCE OF CANDIDATE ORGANIC EMBRITTLING
LIQUIDS. Shows arrangement of liquid-saturated pads
clipped to the fracture zone and wrapped to prevent
volatilization. Character of fracture also shown.
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